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Abstract
This study aims to characterize the mechanical and tribological properties of three different
polymeric coatings—polyurethane, 2K, and melamine—deposited on steel by analyzing the
hardness, elastic modulus, and scratch resistance of each coating. This was accomplished by
making indentation and scratch tests on each sample with a nano-indenter and analyzing the
results with a Scanning Probe Microscope (SPM). Results of indentation tests show that
melamine, with a hardness of 0.164 GPa and a modulus of 3.367 GPa, was both the hardest
and stiffest of the three coatings, while the 2K coating, with a hardness of .104 GPa and a
modulus of 2.721 GPa, was both the softest and most flexible. Scratch test results showed
that the highest average critical load, at which the adhesion to the substrate steel failed, was
100.03 mN for the 2K coating, thus indicating that the 2K coating had the greater adhesion
strength.
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I. Review of Literature
A. Coating and Techniques of Characterizing Coatings
The term “coating” refers to a substance that is applied to the surface of an object,
covering the object in order to either preserve the object or improve some characteristic of
the object.[1] Some properties of the object that coatings can improve include appearance,
cohesion, wear resistance, scratch resistance, or resistance to corrosion. In this study, the
focus will be specifically on coatings that enhance the mechanical properties and tribological
properties by providing scratch resistance to the object. With this project, the micro- and
nano-mechanical and tribological properties of three different polymeric coatings deposited
on steel will be investigated.
The three coatings used in this study are clear acrylic polyurethane, 2K coating, and
melamine. Polyurethane is a polymer that is formed by combining two monomers, one of
which contains at least two isocyanate functional groups, and the other of which contains at
least two hydroxyl groups.[2,3] Polyurethanes have a wide variety of uses, including, but
certainly not limited to, use as a surface sealant, carpet underlay, adhesives, hoses, synthetic
fibers, and surface coatings,[4] which is the purpose used in this study. The reason it has such
a wide variety of applications, and therefore the reason that it was selected as one of the
coatings in this experiment, is that it combines many of the properties of both rubber and
plastic.
2K coating is a two-component coating, which means that the coating itself must be
mixed with some sort of catalyst, activator, or hardener.[5] It is used in two component paints
and in various urethane finishes. It is commonly found as an automotive coating, which is

one of the reasons that it was chosen as one of the three coatings to examine in this
experiment, as automotive coatings are obviously very common.
Melamine is a white crystalline compound that, when mixed with formaldehyde,
produces melamine resin,[6] which is what was used in this experiment. Melamine resin is
then a polymeric coating that is resistive to fire and heat. Like polyurethane, it has a wide
number of applications, including but not limited to whiteboards, kitchenware, fire-retardant
fabric, and acoustic foam paneling. Also as with polyurethane, this wide range of uses is the
reason for including this coating in the experiment.
Research in coatings has been conducted for many decades and will continue to be
conducted for the foreseeable future. Companies will always be looking for methods of
improving their coatings by making them as wear-resistant, fire-retardant, or scratch-resistant
as possible and doing so by the most affordable means available. Therefore, these companies
will always want to characterize the coating scientifically, thus finding direction to improve
the properties of the coating, especially considering that different coatings may adhere better
or worse to one substrate versus another. Because research in coatings has been going on for
so long, there are a great many techniques to choose from when these companies are trying to
determine which coating to use, and these techniques have been perfected over the many
years that they have been practiced.
The characterization of both the mechanical and tribological properties of a given
coating can be studied on both a macro- and micro-scale, though a micro-scale analysis
provides by far a better characterization of the coating. In the past, indentation testing was
conducted with a steel ball. This method, called Automated Ball Indentation (ABI)
Testing,[7,8] uses a steel ball to make indentations in the millimeter range. However, it is not
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reasonable to use this method and expect to obtain completely accurate results of coatings
with a thickness in the micrometer range, as the indentation depth is on the macro-scale. At a
millimeter-scale depth, the substrate will affect the data collected for the modulus and
hardness results, which means that the results will not be an accurate reflection of the
properties of the coating itself.
Some of the early tests used to characterize the tribological properties of coatings, i.e.
the scratch resistance, are the Taber test and the Crockmeter test, which were also used on the
macro-scale. The Taber test (described in detail in ASTM D 1044)[9] uses abrasives of hard
alumina particles embedded in a pair of rubber wheels weighted against a spinning test panel.
Even though it is still used in many applications, such as in window tests for the auto
industry, it was thought to be too harsh for many applications of polymeric coatings. The
Crockmeter test then was widely used in the auto industry when testing and characterizing
clear topcoats.[9] In this test, a rigid panel with a clear topcoat is immersed in dry Bon Ami
cleaning powder and secured on a test bed. A test probe with a green felt pad is then moved
back and forth along a portion of the panel in ten double strokes until the panel is marred in
the area abraded by the probe. After cleaning the panel in a stream of cool tap water and
gently drying it with a soft paper towel, the gloss of the surface is measured with a Byk 20˚
pocket gloss meter by moving the meter slowly across both the marred and unmarred
sections of the panel. The Crockmeter test reports as a percentage of the gloss retained, the
resistance against scratching and marring. There are several problems with this test. One of
the problems is that the mars and scratches that are present on a coating that has undergone
the Crockmeter test are different from mars and scratches on the same coating obtained in
real applications in the field; therefore, the test is not an accurate representation of the type of
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Fig. 1 Example of a topcoat after undergoing the Crockmeter Test[9]
damage that the surface is likely to encounter. To go along with this, another problem is that
it is not possible to separate light scratches and severe scratches, as can be seen in Figure 1,
and so this test averages over all scratches that are present and does not take into account
specific scratch resistance against light damage and against severe damage. Since the test
does not take into account what type of scratches—light or severe—that the coating is likely
to encounter in real applications, it is difficult to conduct a detailed analysis of the resistance
to scratching for a given coating.
The problems that are encountered when conducting indentation and scratch tests on
the macro-scale are virtually eradicated when one moves to the micro-scale. Single-probe
testing techniques were developed in the mid-90s for this purpose. The tests are carried out
under well-controlled conditions, thus making it possible to study different
marring/scratching mechanisms under different test conditions and to correlate mar/scratch
resistance of the tested coatings with their physical and chemical properties. In the tests,
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some used the atomic force microscope (described in detail in Section 2),[10-18] while others
used a variety of home-made devices.[19-30] Commercial nano-indenters and nano-scratchers,
such as the Nano-Indenter XP by MTS Systems Corporation and Nano/Micro Scratch Tester
by CSM Instruments, were developed around the late 1990s and became increasingly popular
for mar/scratch measurements.[31-36] These nano instruments are easy to operate, offer
flexible test conditions, and have greatly enhanced the capability of carrying out mar/scratch
measurements. For these reasons, the techniques used in this experiment utilize the NanoIndenter XP to perform nanoindentation and nanoscratch tests in order to study the
mechanical and tribological properties of the three coatings.
Nanoindentation is a nano-scale version of a traditional hardness test, with an
indentation load on the order of micro- or milli-Newtons, and also with an indentation depth
on the order of nano- or micro-meters. The Nano-Indenter XP can perform indentation and
scratch tests with a normal force up to 500 mN and a penetration depth up to 2 mm. A
general rule for indentation testing, however, is to keep the indentation depth at less than ten
percent of the coating thickness.[37] By doing this, the substrate will not have any effect on
the measurements taken during the testing, i.e., the measured results are only of the
properties of the coating. The results of this experiment can be both qualified and quantified
by utilizing two major pieces of equipment: the Nano-Indenter XP and the Scanning Probe
Microscope, both of which are discussed further in Section 2.
When analyzing the results of the scratch tests, a good deal of attention was paid to
the 2005 article written by Dr. Weidian Shen et al. entitled Characterization of mar/scratch
resistance of coatings with a Nano-indenter and a scanning probe microscope.[38] In this
article, in addition to describing alternative methods for finding the critical force for a given
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Fig. 2 Five distinguishable damage modes: mar, rough trough, crack, delamination, and
chipping.[38]

coating, the different levels of damage to a coating are explored and grouped into five
categories: mars, rough troughs, cracks, delamination, and chipping. Mars, or marring,
refers to the light damages to the coating or surface that are, in general, shallow and narrow.
Rough troughs are then seen when the mar gets wider and deeper, which happens with an
increasing normal force from the indenter. As the normal force continues to increase, the
coating may begin to crack, and as the normal force increases even further, the indentation
depth of the tip may reach a point when the stress from the scraping tip becomes greater than
the adhesion strength of the coating, at which point delamination occurs. Finally, chipping
may occur when, as the normal force continues to increase, the delaminated top layer of the
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coating breaks off piece by piece from the surface. In the paper, examples were provided of
each case, which have been reproduced here in Figure 2. In order to characterize the
coating’s ability to resist medium and severe damages, i.e., rough trough through chipping
classifications, a Nano-Indenter was used to scrape the surface of a sample under an
increasing normal load and measure the critical force for each of the transition points (mar to
rough trough, rough trough to cracking, etc.). Evidence of the transition points was found by
examining the real-time penetration depth and the depth of the residual ditch as the damage
mode transitions from one mode to the next, more severe, mode, since these two
measurements become rougher at the transition points.[38]
While the above characterization was useful while analyzing the results of the scratch
tests in the present experiment, it was not the main focus of characterizing the mechanical
and tribological properties of the three coatings. The present experiment simplified the
characterization to just light and severe damage to the coating. A Nano-Indenter XP was
used in the present experiment to scrape the surface of each coating under an increasing
normal load from 0 mN to 200 mN. The critical force measurement then used in the present
experiment indicates the point at which adhesion of the coating to the substrate steel fails,
and thus the damage observed on the samples was divided into two classifications: light
damage prior to reaching the critical load and severe damage after the critical load has been
reached. The light damage portion of the scratches is examined with a Scanning Probe
Microscope, while the critical force measurement is the primary measurement for
characterizing severe damage to the samples.
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B. Purpose and Objective of the Study
The purpose of this project is to study the micro- and nano-mechanical and
tribological properties of three different polymeric coatings—polyurethane, 2K, and
melamine—deposited on steel. The mechanical properties to be examined in this experiment
are the hardness and elastic modulus of the coatings at various indentation depths, while the
main tribological property that will be examined is the scratch resistance of the coating. The
three coatings will be compared in hardness and elastic modulus, as well as critical force to
determine which of the three has the greatest adhesion strength. Micro-scale images of each
of the three samples will be compared both before scratch testing and after scratch testing to
qualitatively analyze which of the coatings possesses better scratch resistance and suffered
the least damage during the scratch testing. A quantitative analysis of the elastic modulus
and hardness of each of the three samples found at an indentation depth of 1000 nm, as well
as a quantitative analysis of the scratch made during scratch testing, will also be conducted
and used in conjunction with the qualitative analysis to determine which of the three samples
provides a better overall resistance to scratching, for both light and severe damage.
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II. Technique and Equipment in the Presented Study
There were two major pieces of equipment used while conducting this experiment:
the Nano-Indenter XP and the Scanning Probe Microscope (SPM). The Nano-Indenter XP
(Figure 3) is a machine used to carry out indentation tests on a given sample and make
micro-sized scratches in order to test the hardness, elastic modulus, and the adhesion strength

Fig. 3 Nano-indenter XP with vibration isolation table and the Nano-indenter head used in
this experiment[39]
9

of the coating.[40] As shown in Figure 3, the Nano-Indenter XP is encased in a vibrationisolation cabinet and rests on a compressed air floating table to ensure that all measurements
made during testing are free from any disturbance, such as building vibration and air flow.
The Nano-Indenter XP has two operating modes, Indentation mode and Scratching
mode, both of which were used in this experiment. As the names suggest, Indentation mode
is used to make indentation tests on a given sample, and Scratching mode is used to make
scratch tests, both of which take place on the nano- or micro-scale. Each of the tests are
made with a diamond tip, indentation tests with what is called a Berkovich tip, and scratch
tests with a conical-shaped tip. The Berkovich tip is in the shape of a three-sided pyramid,
and the one used in this experiment has a radius of 250 nm at its apex. The conical-shaped
tip used in this experiment has a radius of 2 μm at its apex. The main reason for making
indentations on the samples is to test the hardness and elastic modulus (discussed further in
Section 3), while the main reason for making scratch tests is to determine the point at which
adhesion of the coating fails, i.e., the depth and force exerted by the conical diamond tip that
results in the coating beginning to peel away from the substrate. The Nano-Indenter XP uses
the Testworks software in order to record all of the measurements it takes during indentation
and scratch tests, and the Analyst program to compile the recorded data in a Microsoft Excel
spreadsheet.[41]
During indentation testing, the Testworks program uses what is called an F-h curve to
calculate the hardness and elastic modulus of a coating, where F is the load (or force) exerted
on the coating, and h is the displacement of the indenter tip into the coating. An example of
this F-h curve is shown in Figure 4. It can be easily observed from this figure that there are
three segments of the curve: a loading segment, a holding segment, and an unloading
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Fig. 4 Load displacement illustration during indentation testing[39]

segment. The loading segment is recorded on the F-h plot when the indenter tip is loading
into the sample. During this segment, the slope of the line increases as the tip travels further
into the surface until a maximum load is reached, which is to be expected, because as the tip
indents further into the coating, the resistance on the tip will increase, and therefore the
indentation will require a greater force. At that maximum load point, the force stops
increasing, but the displacement into the surface may continue to increase until it reaches a
maximum penetration depth. The final segment then is the unloading segment, which is
recorded on the F-h plot when the indenter tip is withdrawing from the sample. During this
segment, the slope of the line decreases as the tip withdraws further from the maximum
penetration depth, i.e., the trend is the same as the loading segment. The difference between
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the two segments is that the final slope of the line is greater for the unloading segment than
the initial slope of the loading segment. As a result, there is a residual deformation of the
surface that remains even after the tip is no longer imparting a force on the coating.
As previously mentioned, the Testworks program uses this F-h curve to calculate the
hardness and elastic modulus of the sample. The hardness, H, is calculated with the
following equation[39]:

Fmax is the maximum load applied by the indenter tip. This value can be found on the F-h
curve, where the curve flattens out in the holding segment. Ac then is called the contact area
that is projected on the original surface. A qualitative example of an indentation is shown in
Figure 5. From this figure, the deformation of the surface during an indentation test can be
observed, making it easier to picture what is meant by the definition of the contact area

Fig. 5 Qualitative illustration of deformed surface due to indentation[42]
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above. As the indenter tip presses further into the coating, it comes into more and more
contact with the coating, thus increasing the contact area between the tip and the coating.
Since the cross-sectional area of the tip increases as one moves away from the surface (as
observed in Figure 5), the projection of the contact area on the original surface, Ac, increases
as the tip indents further into the coating. Therefore, Ac depends on the contact depth hc.
That contact depth, hc can be found using the following equation[39]:

The maximum indentation depth, hmax is found on the F-h curve as the x-coordinate of the
point furthest to the right of the holding segment. Ac, hc, and hmax are all displayed
qualitatively in Figure 5. ε then is a geometric constant that depends on the shape of the tip.
Various values of ε are given as ε = 0.72 for a conical punch, ε = 0.75 for a paraboloid of
revolution, and ε = 1.00 for a flat punch.[43] For the Berkovich tip used in this experiment,
the value of ε is ε = 1.034.[44] Fmax is then the maximum load described above, and S is
called the stiffness of the material. It is defined as the slope of the tangential line of the
unloading curve at the turning point, i.e., the point at which the load begins to decrease. In
terms of Figure 4, S is the ratio between dF and dh:

Finally, to calculate the elastic modulus, E, the following equation is used[39]:

As used in previous equations, Ac is the contact area between the tip and the coating that is
projected onto the original surface, and S is the stiffness of the material.
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Fig. 6 Scanning Probe Microscope[39]

The second major piece of equipment used in this experiment was the Scanning Probe
Microscope (SPM), shown in Figure 6. The main use of this instrument is to scan the
samples, both before and after testing with the Nano-Indenter XP, and create an image of the
topography of the coating on a micro-scale. The different components of the SPM can be
observed in Figure 6. The top left image shows the head mounted on the scanner. The SPM
head, also shown in the top right corner of Figure 6, is an XYZ translation stage that is used
to position the sample beneath the laser beam. The scanner then, also shown in the bottom
right corner of Figure 6, provides a means of moving the probe horizontally over the surface
of the sample.[45] The remaining two images on the left-hand side of Figure 6 show the
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cantilever holder with the scanning tip, which are used to sense where the surface of the
sample is located.
The SPM is the third generation of scanning microscopy.[46] The first generation, the
Scanning Tunneling Microscope (STM), was developed more than thirty years ago, and the
second generation, the Atomic Force Microscope (AFM), was developed more than twentyfive years ago. There are several principles in use in order for the STM to function.[47] The
first principle used is the principle of Quantum tunneling, which is used to create an image of
the sample surface. The STM applies a voltage bias between a sample and a raster-scanning
tip. Electrons then tunnel across the gap between the sample and the tip, creating a current
that remains constant by a feedback loop. This current depends exponentially on the spacing

Fig. 7 Constant Height Mode of operation for STM[39]
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Fig. 8 Constant Current Mode of operation for STM[39]

between the tip and the sample (i.e. the height of the tip), and so the STM is incredibly
sensitive to even minor changes in the topography of the sample. It uses this sensitivity to
form an image of the topography of the sample. The second principle that the STM uses is
the Piezoelectric effect. The direct Piezoelectric effect uses an applied mechanical force in
order to create an internal electrical charge, while the reverse Piezoelectric effect uses an
applied electric field in order to create an internal mechanical strain. In the STM, the effect
is created by squeezing together certain crystals, typically Lead Zirconium Titanate, in order
to create opposite charges on the sides of the crystal. Similarly, the reverse Piezoelectric
effect is present by applying a voltage across the crystal in order to make it elongate or
compress. The STM utilizes this effect so that the tip can scan very precisely with angstrom-
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level control. The third principle used by the STM is a feedback loop. The feedback loop is
necessary to monitor the tunneling current and keep the tunneling current constant by making
adjustments to the gap between the tip and the sample. Those adjustments are recorded by
the computer and presented as an image called a “constant current” image. It is also possible
to turn the feedback loop off so that only the current is displayed, which is called a “constant
height” image. A sketch of how each image is formed is shown in Figures 7 and 8.
The reason for developing the Atomic Force Microscope was to overcome a major
flaw in the STM: that it could only image conducting or semiconducting surfaces.[48,49] The
AFM, which operates in Contact mode, creates a profile of the surface of a sample on the
nanoscale by measuring forces between a sharp probe and the surface with very light contact.
The probe, supported by a flexible cantilever, gently touches the surface and records the
small force between it (the probe) and the surface. The flexible cantilever can be thought of

Fig. 9 Basic beam deflection system, using a laser reflected off a cantilever to a photodetector[47]
17

as a spring, and so the amount of force between the probe and the sample is dependent on the
stiffness, or spring constant, of the cantilever. If the spring constant of the cantilever is less
than that of the surface, the cantilever bends and the deflection is monitored. Most AFMs
today use a laser beam deflection system, such as that presented in Figure 9. The forces
between the probe and the sample surface are determined by reflecting a laser beam from the
back of the cantilever, through a mirror, and onto a photodetector, which can be used to
monitor the deflection of the beam.
The Scanning Probe Microscope is then the third generation of scanning probe
microscopy. It has many modes in which it can be used, including Non-Contact mode (such

Fig. 10 Basic configuration of Scanning Probe Microscope[39]
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as with the STM), Contact mode (such as with the AFM), Lateral Force mode, Tapping
mode, Phase mode, and a variety of others.[50] For all modes, the SPM uses a tip attached to a
cantilever to scan over the sample and form the image. A basic configuration of the SPM is
shown in Figure 10. The scanner, cantilever, and laser that are visible in Figure 6 can also be
found in Figure 10. In this figure, it can be observed that the laser sends a beam down to the
back of the cantilever. The head that can be seen in Figure 6 can then be adjusted in the XY
plane so that the laser beam directly falls on the back of the cantilever. The cantilever then
reflects the beam up to a mirror, which further reflects the beam onto an arrangement of four
photodiodes. The mirror can be adjusted so that the laser beam falls directly center to the
four photodiodes. The photodiodes absorb the light from the laser and use it to generate a
potential, and when the laser beam is centered on the four photodiodes, i.e., when the laser
hits all four photodiodes equally, there is no voltage between the upper and lower cells and
no voltage between the left and right cells, and so it is said that the setpoint is at zero.
Even though the SPM can be used in a variety of different modes, it was Tapping
mode that was used exclusively throughout this experiment. Tapping mode is useful when
analyzing softer samples, such as those used in this experiment, because it eliminates damage
due to a drag force that other operating modes create. While operating in Tapping mode, the
tip scans across the surface of the sample while simultaneously tapping the sample at a
certain amplitude. Instead of holding the laser beam steady across the center of the four
photodiodes, the tip is oscillated up and down, and the amplitude of oscillation is observed.
Figure 11 demonstrates the relative motion of the cantilever during Tapping mode. Prior to
making contact with the surface, the cantilever oscillates at what is called the free amplitude,
which was set in the beginning of the scan to be 2 V, yielded from the position sensor of the
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Fig. 11 Motion of cantilevered tip when operated in Tapping mode[39]

photodiodes. This amplitude is reduced once the probe comes into contact with the surface
to a value about sixty percent of the free amplitude, or about 1.2 V. This reduced amplitude
occurs because of the energy lost when the tip comes into contact with the surface. By
maintaining this amplitude, the scanning tip has to follow the contour of the sample surface,
and an image of the sample can be formed as the tip scans across an area of the surface.
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III. Procedure
There are many possible methods for analyzing the mechanical and tribological
properties of a given coating, including, for example, the crack density measurement,
repeated scraping test, and cross-scratching test,[38] but the method utilized in this experiment
is a nanoindentation and nanoscratch test, described later in this section. Before the testing
began, it was necessary to prepare the samples. The samples arrived in slabs approximately
8 cm x 20 cm in size, but they were not all prepared in the same manner. A 28.8 μm layer of
polyurethane coating was applied to the steel and allowed to air dry, and the same is the case
for the 2K coating: a 28.8 μm layer of 2K coating was applied to the steel and also allowed
to air dry. The melamine was prepared differently, however. A 27.0 μm layer of melamine
was applied to the third piece of steel, and this one was dried in an oven at 120˚ C.
After the samples arrived, the first step after receiving them was to cut them into
pieces small enough to fit on both the stage for the Nano-Indenter XP and the SPM, and so
they were cut into squares 10 mm x 10 mm in size. Once the samples were cut, each square
was secured with epoxy to a thin metal cylindrical disc with a radius of approximately 0.5
cm. These discs serve a dual purpose: first, they allow the samples to be firmly attached
onto the stage for the indentation and scratch tests on the Nano-Indenter XP, while also
making it possible to remove the samples from the stage without damaging them, and second,
they keep the sample stationary on the SPM while it is running scans, as the stage of the SPM
is magnetized. The epoxy was chosen to attach the samples to the metal discs because it
creates a very strong, rigid bond between the two, much stronger and much more rigid than
ordinary super glue would create. Any extraneous motion or vibration of the sample during
testing could result in inaccurate test results and/or results that cannot be reproduced.
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Therefore this strong, rigid bond is necessary when conducting the indentation and scratch
tests, as it keeps the sample stationary on the stage of the nano-indenter, which avoids the
cushion effect that is present with a typical “glue,” and thus ensuring more accurate test
results.
The next step in preparing the samples is to clean them.[42] The first attempt to clean
the samples utilized a solvent-free detergent and an ultrasonic bath. In a 50 mL beaker, one
part solvent-free detergent was mixed with twenty parts distilled water, and then one of the
10 mm x 10 mm samples was placed into the mixture. The beaker was then placed in the
ultrasonic bath for three minutes, but a problem arose when they were removed. After the
samples were rinsed under a thin stream of tap water and dried with compressed nitrogen, the
sample appeared “bubbled,” with the coating around the edges of the sample slightly elevated
from the coating in the middle region. Shortly after the sample was dry, the coating began to
peel away from the steel. Because of this, an alternative method had to be employed in order
to clean the samples in this experiment. The remaining samples were cleaned with alcohol,
gently applied with a cotton swab. Although they were still dried with compressed nitrogen,
cleaning them with alcohol eliminated the bubbling effect that the ultrasonic bath created.
The Berkovich and conical tips for the Nano-Indenter XP were cleaned in the same way, with
alcohol and a cotton swab, and dried again with compressed nitrogen.
Before indentation and scratch tests were run with the Nano-Indenter XP, all three
samples were scanned with the SPM. There are several reasons for doing this. One reason is
to have a point of reference when determining the damage of the scratched samples. By
comparing the images of the scratched samples to those of the unscratched samples, it
becomes potentially easier to qualify the severity of the scratches. The pretest scans (shown
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in Figure 12 in Section 4.1) could also be used to evaluate how rough or smooth the surface
of the sample is. From these images, it is clear that the 2K coating sample was the roughest
of the three surfaces, and the melamine sample was the smoothest of the three. This is
evident because the 2K coating showed the greatest overall deviation in the height
throughout the scan, while there was very little deviation in the height of the melamine
sample. A root-mean-square roughness was calculated for each of the three samples to
further support the qualitative observation that the 2K coating was the roughest of the three
samples, and the melamine coating was the smoothest. It was found that all three samples
were relatively smooth, though there was some deviation among them. The polyurethane
coating was found to have an RMS roughness of 0.71 nm, the 2K coating was found to have
one of 1.07 nm, and the melamine coating was found to have one of 0.38 nm, which supports
the qualitative roughness analysis above. The root-mean-square roughness was calculated
with the following equation[51]:

In this equation, i and j are the pixel locations on the image, N is the number of data points in
the image, H(i,j) is the height of the (i,j) data point, and

is the mean value of the height

across the entire image. Because of the roughness values, it was hypothesized that the
melamine coating would have the greatest adhesion strength, and the 2K coating would have
the weakest. The idea behind this hypothesis was that since the 2K coating was much
rougher than the other two samples, there would likely be a greater chance that the tip from
the Nano-Indenter XP would catch and pull a chunk of the sample away. If this were the
case, the 2K coating would experience more severe damage sooner than the other two
samples, and so it would result in the 2K coating having the weakest adhesion strength. With
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a smooth surface, like the one observed for the melamine coating, it was believed that the tip
would simply slide along and penetrate the coating without actually peeling much of the
coating away from the steel, resulting in a very neat scratch. If this were the case, the
melamine coating would experience more severe damage later along the scratch than the
other two samples, so it would result in melamine having the greatest critical force, and
therefore the greatest adhesion strength. The images are presented, and the validity of the
hypothesis is checked in Sections 4 and 5.
Following the pretest scans, indentation and scratch tests could be made with the
Nano-Indenter XP. The indentation tests were conducted first, so a diamond Berkovich tip
was used. As discussed previously in Section 2, the Berkovich tip is in the shape of a threesided pyramid,[42] which makes it very useful for indentation tests, as the three sides help to
indent to a single point. The one used in this experiment has a radius of 250 nm at its apex.
The test ran at nine locations in a 3 by 3 grid for each of the three samples to an indentation
depth of 10 μm, because at this depth, the data collected will still be entirely due to the
coating, and the substrate will not have an effect on the measurements. There are multiple
methods available for both indentation and scratch tests, but the one used in this experiment
for the indentation test was already created by Rene Crombez and saved in the Testworks
program, the test flow for which can be found in Appendix A. The sample starts out beneath
a microscope, and the locations for each of the nine tests can be selected with the computer.
After selecting a spacing of 300 μm between each of the locations, one site is chosen
manually, and the other eight are automatically defined by the program. Each of the nine
sites are then reviewed to ensure that there is no visible debris at the location.
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After the nine sites are selected, the testing process begins by first moving the XY
translation stage beneath the Berkovich tip, and then slowly lowering the tip until it comes
into light contact with the surface of the coating. Once the tip finds the surface, the location
is stored in the computer, and the tip retreats. It then approaches the surface again, more
quickly this time, and begins storing data once it is 1000 nm above the pre-recorded surface.
It then indents into the coating to a depth limit of 10 μm, and then withdraws. This process,
beginning with finding the surface and ending after the tip is withdrawn from the 10 μm
depth limit, was repeated over each of the nine sites in the 3 by 3 grid. An average was taken
over the nine locations to find an overall elastic modulus and hardness for each sample. As
stated previously, the elastic modulus is found by

where S is the stiffness of the material and Ac is the contact area between the indenter tip and
the surface of the coating projected onto the original surface of the coating. Also stated
previously, the hardness was found by

where Fmax is the maximum load applied and Ac is again the contact area between the
indenter tip and the surface of the coating projected onto the original surface of the coating.
The Testworks and Analyst programs were used while running the tests, and they calculated
these values with the aid of an F-h curve, as shown in Figure 3 of Section 2. The results of
the indentation tests are found in Section 4.1.
The next step was to perform scratch tests on the three samples. The Berkovich tip
was replaced by a conical tip of radius 2 μm at its apex in order to do so. As stated
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previously, there are several methods for conducting scratch tests, but the one used in this
experiment was again already created by Rene Crombez and saved in the Testworks
program, the test flow for which is presented here in Appendix B. In a similar way to the
indentation test, the sample begins beneath a microscope, and the computer is used to select
the sites for the scratch tests. Unlike the indentation test, however, the sites for the scratch
test were all chosen manually, as there is a greater chance with scratch tests that the tip will
encounter debris of some kind, or a particularly rough patch on the sample surface.
Therefore, each of the test locations was chosen where the sample appeared to be the
cleanest.
After the scratch test sites are selected, the XY translation stage again moves beneath
the conical tip, and the tip lightly scrapes along the surface of each sample where the scratch
will take place in order to profile the surface and find exactly where the surface is located.
The applied force during this light scraping segment was about 0.05 mN. The computer
stores this information of where the surface is and the tip withdraws. The tip then
approaches the surface again and begins to scratch each sample under a progressive load
from 0 to 200 mN over a distance of 400 μm, with the tip velocity at 10 μm/s. After reaching
the end of the scratch, the tip withdraws and moves to a predetermined location, set in the
beginning of the test to be 50 μm, to make a cross-profile of the scratch. As with the
indentation tests, the scratch tests were run multiple times on each sample, five tests for each
one, and then various measurements were averaged over the five individual tests. For scratch
tests, the most interesting measurements were for the critical load, penetration depth at
critical load, and scratch width, while some other values that were taken include the total
height of the groove, residual scratch depth, and pile-up height. When the tip penetrates into
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the sample and scratches along the surface, a valley is formed with shoulders on either side,
just as if a person were to dig a hole in the ground and the extraneous dirt piles up around the
hole. The pile-up height measures the height from the originally scanned surface of the
sample to the final height of the shoulders, the residual scratch depth measures the depth
from the originally scanned surface to the very bottom of the ditch, and the total height of the
groove is then the sum of these two values. The scratch width is the width between the
shoulders. These four values were measured and recorded at a predetermined location,
which was set in the beginning of the program to be 50 μm. The critical load, then, is the
force at which the adhesion of the coating begins to fail, i.e., when the coating starts to peel
away from the substrate, while the penetration depth at critical load is just like the residual
scratch depth, a measurement of the depth from the originally scanned surface to the very
bottom of the scratch, this time measured at the critical point. After running scratch tests on
each sample, the final step was then to run post-test scans on the SPM. The results of the
scratch tests, as well as the scan images, are found in Section 4.2.
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IV. Results and Discussion
A. Pretest Scan Images and Indentation Test Results
The pretest scans that were conducted with the SPM, and the images for each of the
three samples are displayed in Figure 12. After imaging randomly selected areas of the
coating, a typical image of each coating is presented here, each with dimensions 50 μm x 50
μm and height scale ranging from 0 μm to 5 μm. These images remained consistent over
multiple randomly selected areas of each sample, and are therefore representative of each of
the samples as a whole. After studying Figure 12, it appears that Sample 3, which is the
melamine coating, is the smoothest, though there are occasional unaccounted for areas of
elevation. It is clear that those spots are elevated from the rest of the surface of the sample
because the lighter areas of the plot are higher than the darker areas. On first glance, it
appears that these may be spots of grease, perhaps from a fingerprint, but it is important to
keep in mind the size of the images. Each side is 50 μm in length, therefore each of the spots
is at most 5 μm in length, which is obviously much too small to be a fingerprint. It remains
unclear, then, what these spots are exactly, but they are real features of the surface, as they

Fig. 12 Pre-scratch images for a) polyurethane coating, b) 2K coating, and
c) melamine coating
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were present for three different cuts of the sample and at multiple randomly selected
locations of each cut. Also, each cut of the sample was cleaned with alcohol and a cotton
swab, as described in Section 3.
The roughest sample appears to be the second, which was the 2K coating. By
observing Figure 12b, this sample appears to have not only areas of elevation like the
melamine coating had, but several depressed areas as well. In contrast to the melamine
coating, however, which had just a small handful of the elevated spots, the 2K coating has
much smaller elevated spots, but it has a great deal more of them. These much smaller areas
of elevation are clustered together whenever they appear and each spot actually appears to be
elevated higher than those of the melamine coating, which can be observed based upon the
difference in color between the elevated areas and the rest of the sample surface. Unlike the
melamine coating, however, the 2K coating appears to also have several depressed areas,
which seem to be quite deep when compared to the rest of the surface, based again upon the
color difference between these spots and the rest of the surface, with the spots this time being
much darker.
The first sample, polyurethane, appears to be somewhere in between the melamine
coating and the 2K coating in terms of roughness/smoothness. For this sample, there are no
distinct areas of either elevation or depression as there are in the other two samples, but it is
not a completely smooth surface by any means. This sample appears grained, much like one
would find on the macro-scale in a typical piece of wood. Some, though certainly not all, of
the grains appear to be fairly deep, with a large contrast between light and dark colors in
some areas of the plot, and for this reason, the polyurethane coating has been classified here
as being rougher than the melamine coating, but smoother than the 2K coating. This
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qualitative analysis of the roughness of each of the samples is further supported by a
quantitative analysis of the root-mean-square roughness of each sample, as discussed earlier
in Section 3. It was found that all three samples were relatively smooth, though there was
some deviation among them. The polyurethane coating was found to have a root-meansquare roughness of 0.71 nm, the 2K coating was found to have one of 1.07 nm, and the
melamine coating was found to have one of 0.38 nm, which supports the qualitative
roughness analysis above. Also discussed in Section 3, this classification of roughness and
smoothness led to the hypothesis that the 2K coating would peel away from the steel
substrate more easily than the other two coatings, as its rough nature would present more
opportunities for the tip of the nano-indenter to latch onto a piece and pull it away from the
steel, therefore having the weakest adhesion strength of the three. Similarly, the melamine
coating, which was the smoothest of the three samples, was hypothesized to have the greatest
adhesion strength.
The results of the indentation tests were compiled with Testworks software and
converted to a Microsoft Excel file with the Analyst program, as discussed in Section 2. As
stated in Section 3, the measurements made during indentation testing that were the most
interesting were the hardness and elastic modulus, and these results at various indentation
depths are presented in Figures 13 and 15, respectively, for twenty-one different indentation
depths. In terms of the hardness, it can be observed from Figure 13 that all three samples
show the same general trend, starting off with a large hardness value at low indentation
depths (which begin at around 20 nm) and decreasing in an exponential curve until it flattens
out around 0.1 GPa for large indentation depths. There is some slight variation in the
hardness at which each sample settles, but overall they are very comparable. This can be
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Hardness vs. Indentation Depth
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Fig. 13 The hardness of the three samples averaged over the nine indentation tests plotted
versus the indentation depth for twenty-one different depths. Sample 1 is the polyurethane
coating, Sample 2 is the 2K coating, and Sample 3 is the melamine coating.
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Fig. 14 The hardness of the three samples averaged over the nine indentation tests plotted
versus the indentation depth, zoomed in for a hardness value ranging between 0 and 0.4 GPa.
Sample 1 is the polyurethane coating, Sample 2 is the 2K coating, and Sample 3 is the melamine
coating.
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more easily seen in Figure 14, where the plot from Figure 13 is zoomed in on the area
between 0 and 0.4 GPa on the Hardness scale. From this zoomed in image in Figure 14, it
can be seen that the hardness of the 2K coating settles at around 0.12 GPa, while the hardness
of the polyurethane and melamine coatings settle right on 0.10 GPa. At this indentation
depth, however, the results are influenced by the substrate steel, since the indentation depth
exceeds ten percent of the coating thickness by a large margin. Any measurement taken after
an indentation depth of about 2500 nm should be considered under the influence of the steel
substrate, which could account for the slight fluctuation in the hardness measurements as the
indentation depth increases. A closer examination of the hardness is conducted for an
indentation depth less than ten percent of the coating thickness, and is presented later in this
section.
The average elastic modulus of each of the three samples was plotted versus the
indentation depth in Figure 15, and this plot shows that each of the samples follow the same
general trend. Once again beginning at an indentation depth of about 20 nm, all three
samples start at a relatively large modulus value, and then decrease rapidly over
approximately the first 2000 nm before increasing again at a much slower rate as the
indentation depth increases. The polyurethane coating and the melamine coating are so
similar that they lie nearly on top of one another, but when the modulus of the 2K coating
begins to increase, it increases more rapidly, and so it shows a higher modulus than the other
two coatings at a deeper indentation depth. This can be more clearly seen in Figure 16,
where the plot is zoomed in to better see the cluster of data points. Just as with the
measurements for the hardness of the coatings, the measurements for the elastic modulus are
influenced by the steel substrate at larger indentation depths, since the indentation depth
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Fig. 15 The modulus of the three samples averaged over the nine indentation tests plotted
versus the indentation depth for twenty-one different depths. Sample 1 is the polyurethane
coating, Sample 2 is the 2K coating, and Sample 3 is the melamine coating.
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Fig. 16 The modulus of the three samples averaged over the nine indentation tests, plotted
versus the indentation depth, zoomed in for a modulus value ranging from 2 to 5.5 GPa. Sample
1 is the polyurethane coating, Sample 2 is the 2K coating, and Sample 3 is the melamine coating.
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becomes much greater than ten percent of the total coating thickness. Any measurement
taken after an indentation depth of about 2500 nm should again be considered under the
influence of the steel substrate, which could account for the increase in elastic modulus with
an increased indentation depth. At greater indentation depths, the steel substrate will provide
greater resistance to the indenter tip, which results in a greater stiffness value. This would in
turn lead to a higher elastic modulus, which is shown in Figures 15 and 16 by the increasing
slope of the data points.
To compute the overall hardness and elastic modulus of the coatings, the
measurements are listed at a depth of 1000 nm, where no influx of the steel is involved. The
average hardness and elastic modulus values at this depth, along with their respective
standard deviations and percent coefficients of variation, are presented in Table 1, where the
percent coefficient of variation is the ratio of the standard deviation to the mean value
multiplied by one hundred percent. The average elastic modulus and the average hardness of
each sample over nine indentations per sample are comparable, with the hardness varying by
about 0.05 GPa and the modulus varying by about 0.6 GPa. This corresponds to a percentage
difference of about 30 percent among the average hardness values, and a percentage
difference of about 18 percent among the average elastic modulus values. As can be seen by
this percentage difference, there is a considerable degree of variation in the measurements for
each of the samples due to the fact that the modulus and hardness measurements themselves
are so small. Sample 3, the melamine coating had both the highest elastic modulus and
hardness, followed by Sample 1, the polyurethane coating, and finally Sample 2, the 2K
coating. The nine tests for each sample were in general very close to one another, as
evidenced by the low standard deviations for the 2K coating and the melamine coating,
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Hardness Hardness Hardness Modulus Modulus Modulus
(GPa)
Std. Dev. % COV (GPa)
Std. Dev % COV
Sample 1
0.111
0.017
15.5
3.095
0.308
9.94
Sample 2
0.104
0.003
3.19
2.721
0.056
2.05
Sample 3
0.164
0.005
2.92
3.367
0.114
3.38

Table 1 Indentation test results for each of the three samples. Sample 1 is the polyurethane
coating, Sample 2 is the 2K coating, and Sample 3 is the melamine coating.

which were 0.056 and 0.114, respectively, for the modulus, and 0.003 and 0.005,
respectively, for the hardness. This corresponds to a percent coefficient of variation for the
2K coating and the melamine coating of 2.05 percent and 3.38 percent, respectively, for the
modulus, and 3.19 percent and 2.92 percent, respectively, for the hardness.

B. Scratch Test Results
A qualitative analysis of the damage to each of the three samples due to the scratch
tests can be conducted with the Scanning Probe Microscope. The characterization method to
be employed in this experiment, as described in Section 1.1, is to look at “light” damage
portions of the scratches and “severe” damage portions of the scratches. Images were taken
of two different locations for each of the three samples, one image in the “light” damage
section before the critical load is reached and one image in the “severe” damage section after
the critical load is reached, and can be observed in Figures 17 and 18, respectively. Each of
the six scan images are over a 50 μm by 50 μm area of the sample, with a height scale
ranging from 0 to 5 μm. As with the pretest scans in Section 4.1, the lighter areas of the plots
indicate that the area is higher up than the darker areas. In Figure 17, which shows the light
damage portion of the scratches, the images show the length of the scratch approximately
between 10 μm and 60 μm from the beginning of the scratch, while in Figure 18, which
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a)

b)

c)

Fig. 17 Light damage portions of the scratch for a) polyurethane, b) 2K coating, and
c) melamine, ranging from 5 mN to 30 mN for a scan of dimension 50 μm by 50 μm and height
scale ranging from 0 μm to 5 μm.

a)

b)

c)

Fig. 18 Severe damage portions of the scratch for a) polyurethane, b) 2K coating, and
c) melamine, ranging from 112.5 mN to 137.5 mN for a scan of dimensions 50 μm by 50 μm
and height scale ranging from 0 μm to 5 μm.

shows the severe damage portion of the scratches, the images show the length of the scratch
approximately between 225 μm and 275 μm from the beginning of the scratch. In terms of
the applied load for each image, this corresponds to a load ranging from about 5 mN to 30
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mN for the light damage portion of the scratch, and from about 112.5 mN to 137.5 mN in the
severe damage portion of the scratch.
By studying the light damage portion at the beginning of the scratches in Figure 17, a
distinction can immediately be made between the three samples. The first sample,
polyurethane, appears to have suffered by far the deepest scratch of the three coatings. This
is evident because of how dark the middle of that image is, especially when compared to the
middle of the other two images, which are very light by comparison. The next deepest
scratch appears to be the 2K coating, while the melamine coating appears to be the
shallowest, which again can be seen by how dark the scratch is in the middle of the image.
The scratch on the polyurethane sample also looks at first glance to be wider than the other
two, although with the third sample, the melamine coating, it is a bit difficult to determine
exactly how wide the scratch is, since it appears to be so shallow. After a close examination,
it can be seen that the polyurethane and melamine coatings are roughly the same width in the
image, with polyurethane being slightly wider than melamine, while the 2K coating appears
very narrow. Taking both of these factors into account, it can be seen that the polyurethane
sample, with both the deepest and widest scratch in the light damage region, has the largest
cross-sectional area of the three scratches, indicating that it suffered the greatest overall
damage and thus possesses the weakest scratch resistance before delamination. The
melamine coating has the smallest cross-sectional area of the three scratches, which indicates
that it suffered the least damage and thus possesses the strongest scratch resistance in this
region.
As discussed in Section 1.1, there are five distinguishable damage modes when
characterizing scratches from the nano-indenter. The damage present in Figure 17 appears to
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have advanced no further than cracking, which is the third level of damage. The first two
samples, the polyurethane coating and the 2K coating, appear to be relatively neat cuts, and
so at worst they would each be classified as a rough trough, which is the second level of
damage. The third coating (melamine), however, looks to have cracking present almost
immediately in the scratch. This is evident in the image because of the lines along the edge
of the scratch, most noticeably on the right-hand side of the image, that lie diagonally to the
orientation of the rest of the scratch. Even though cracking appears to be present, however, it
is still safe to say that melamine suffered the least damage of the three samples in this light
damage region of the scratch because it had the smallest cross-sectional area of the three
samples and thus had the greatest scratch resistance.
In the light damage portion of the scratch, there is no correlation present between the
damage suffered by the sample and either the average hardness or average elastic modulus
that was measured for each sample at an indentation depth of 1000 nm, as shown in Table 1.
The polyurethane coating showed the greatest overall damage in this portion of the scratch,
and therefore the weakest scratch resistance, but it was in the middle of the other two
samples in both the hardness and elastic modulus measurements, at 0.111 GPa and 3.095
GPa, respectively. The melamine coating showed the least overall damage in this portion of
the scratch, and therefore the greatest scratch resistance, and it had the highest average value
for both hardness and elastic modulus, at 0.164 GPa and 3.367 GPa, respectively. The 2K
coating then was in between the polyurethane and melamine coatings in terms of the damage
it showed in this portion of the scratch, but it had both the lowest average hardness and
elastic modulus, at 0.104 GPa and 2.721 GPa, respectively. Because there is no correlation
here, a conclusion cannot be drawn to determine which type of coating—a harder, stiffer
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coating or a softer, more flexible coating—would have greater scratch resistance under light
loads. Similarly, since the smoothness of the coatings corresponds directly to the average
hardness and elastic modulus of the coatings, there is no correlation present between the
damage that each sample suffered and the roughness/smoothness of the sample.
The topography of the severe damage portion of the scratches can be analyzed
qualitatively by examining the three images in Figure 18. These images are taken after the
critical load (which will be discussed later in the present section) has been reached. As
should be expected then, all three of the scratches are wider at this point of the scratch than
they were in the light damage region. The first two samples, polyurethane and 2K coating,
are relatively comparable in their widths, though the polyurethane coating does appear to be
the widest. The third sample, the melamine coating, on the other hand, appears to be
narrower than the other two samples at this point of the scratch. However, the damage on the
melamine coating looks much more severe than the other two coatings, as can be seen by the
extremely jagged nature of that scratch compared to the other two, even though all three
samples show evidence of delamination. In terms of the depth of the scratches, all three
images appear to be as dark as they can be toward the middle of the scratch, and so it is
difficult to determine which sample has the deepest ditch, and which has the shallowest.
In addition to the qualitative analysis of the SPM scan images for light and severe
damage to the samples, a quantitative analysis of the scratches can also be conducted. The
results of the scratch tests, compiled with Testworks software as described in Sections 2 and
3 and converted a Microsoft Excel file with the Analyst program, are presented in Tables 2
and 3, with Table 2 showing the results for each of the five individual scratches performed on
each sample, and Table 3 showing the overall mean, standard deviation, and percent
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a)
Sample 1 Scratch Test Results
Test Critical Load Penetration Depth Scratch Width Total Height of Residual Scratch Pile Up Height
(mN)
at Critical Load (nm)
(m)
the Groove (nm)
Depth (nm)
(nm)
1
97.82
11247.33
18.32
3506.91
2232.50
1259.98
2
112.45
11299.80
17.86
2868.21
2195.67
918.83
3
87.93
10421.32
17.43
3193.44
2054.37
1153.77
4
75.44
9538.79
16.33
2923.55
2456.37
1084.65
5
78.89
9662.38
17.74
3373.90
2294.88
1235.59
b)
Test Critical Load
(mN)
1
116.75
2
84.54
3
100.37
4
95.32
5
121.39

Sample 2 Scratch Test Results
Penetration Depth Scratch Width Total Height of Residual Scratch Pile Up Height
at Critical Load (nm)
Depth (nm)
(nm)
the Groove (nm)
(m)
11930.77
15.33
3540.40
2246.93
1307.90
9962.39
14.38
3490.52
1949.38
1294.85
10617.21
13.75
3511.08
2039.67
1456.71
10021.75
15.72
4041.25
1838.90
1584.88
12953.90
14.99
3515.32
2138.31
1220.44

c)
Test Critical Load
(mN)
1
80.55
2
79.86
3
83.34
4
85.57
5
72.20

Sample 3 Scratch Test Results
Penetration Depth Scratch Width Total Height of Residual Scratch Pile Up Height
at Critical Load (nm)
Depth (nm)
(nm)
the Groove (nm)
(m)
7999.24
16.82
2281.76
1276.90
1004.86
7930.55
15.88
2144.13
1189.04
955.09
8175.10
17.30
2505.26
1401.57
1103.69
8479.63
15.71
2195.89
1099.57
1096.32
7781.62
16.52
2431.48
1286.77
1144.71

Table 2 Individual test results for critical load, penetration depth at critical load, scratch
width, residual scratch depth, pile up height, and total height of the groove after scratch tests
to each of the three samples. Sample 1 is polyurethane, Sample 2 is 2K coating, and Sample 3
is melamine.

coefficient of variation for each sample. The quantitative analysis of the scratches can also
be characterized into light and severe damage portions of the scratch, in a similar way that
the scratches were characterized with the qualitative analysis. The measurements
corresponding to the light damage portion of the scratch were the scratch width, residual
scratch depth, pile-up height, and the total height of the groove, while the measurements
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a)
Sample 1 Scratch Test Results
Critical Load Penetration Depth Scratch Width Total Height of Residual Scratch Pile Up Height
(mN)
at Critical Load (nm)
(m)
the Groove (nm)
Depth (nm)
(nm)
Mean
90.51
10433.92
17.54
3173.20
2246.76
1130.56
Std. Dev.
15.03
837.87
0.75
277.22
146.70
137.16
%COV
16.61
8.03
4.25
8.74
6.53
12.13
b)
Critical Load
(mN)
Mean
103.67
Std. Dev.
15.26
%COV
14.72

Sample 2 Scratch Test Results
Penetration Depth Scratch Width Total Height of Residual Scratch Pile Up Height
at Critical Load (nm)
(m)
the Groove (nm)
Depth (nm)
(nm)
11097.20
14.83
3619.71
2042.64
1372.96
1305.46
0.78
236.31
158.98
146.22
11.76
5.26
6.53
7.78
10.65

c)
Sample 3 Scratch Test Results
Critical Load Penetration Depth Scratch Width Total Height of Residual Scratch Pile Up Height
(mN)
at Critical Load (nm)
(m)
the Groove (nm)
Depth (nm)
(nm)
Mean
80.30
8073.23
16.45
2311.70
1250.77
1060.93
Std. Dev.
5.07
267.59
0.66
153.46
113.35
78.18
% COV
6.32
3.31
4.01
6.64
9.06
7.37

Table 3 Overall mean value, standard deviation, and percent coefficient of variation for the critical
load, penetration depth at critical load, scratch width, residual scratch depth, pile up height, and
total height of the groove after scratch tests to each of the three samples. Sample 1 is polyurethane,
Sample 2 is 2K coating, and Sample 3 is melamine.

corresponding to the severe damage portion of the scratch were the critical load and the
penetration depth at critical load. The measurements for the light damage portion of the
scratch were taken 50 μm from the beginning of the scratch for all three samples. From the
qualitative analysis of the SPM images, it was determined that the 2K coating was the
narrowest of the scratches for the light damage portion of the scratch, while the polyurethane
and melamine coatings were comparable in their width, both greater than the 2K coating.
Table 3 supports this analysis, as the average scratch width for the 2K coating is only 14.83
μm, which is narrower than the scratches on the other two coatings. It can also be
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determined from Table 3 that, while the polyurethane and melamine coatings did have a
similar scratch width, the average scratch on the polyurethane coating was the widest of the
three samples for the light damage portion.
The remaining measurements for the light damage portion of the scratch—the
residual scratch depth, pile-up height, and total height of the groove—are all related to one
another, as previously discussed in Section 3. The residual scratch depth, as noted in the
qualitative analysis of the SPM images, seemed to be the deepest for polyurethane, followed
by 2K coating, and then melamine coating, which looked to have the shallowest residual
scratch depth, and this was also confirmed in Table 3. The total height of the groove (which
is simply the sum of the residual scratch depth and the pile-up height) and the pile-up height
do not follow the same trend, however. For those two measurements, the melamine coating
still had the lowest value, i.e., the shortest shoulders, and the shortest distance between the
top of the shoulder and the bottom of the ditch, but then the 2K coating had the highest value
for both pile up height and total height of the groove instead of the polyurethane coating.
There is little correlation to be found between the indentation and scratch test results
for the light damage portion of the scratch. In this region, it was determined from indentation
testing (Table 1) that the melamine coating had both the greatest hardness and the greatest
elastic modulus values, followed by polyurethane, and then 2K coating, with the lowest
values for both measurements. This means that a higher value of both hardness and elastic
modulus corresponds to a higher value for pile-up height and the total height of the groove.
However, there is no correlation with either of the other two measurements in this portion of
the scratch (residual scratch depth and scratch width). Overall, however, the measured
values for the residual scratch depth and the scratch width for each of the three samples
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support the earlier qualitative analysis of those measurements, and so the trend that was
reported earlier, that the polyurethane coating had the weakest scratch resistance and the
melamine coating had the greatest scratch resistance under light loads, was confirmed.
The two measurements for the severe damage portion of the scratches were taken at
various points along each scratch, depending on where the adhesion of the coating to the
substrate steel fails. The average critical load, which is the measurement of the force applied
by the nano-indenter tip at which point the coating is determined to peel away from the
substrate steel, was found in Table 3 to be greatest for 2K coating, followed by polyurethane,
and then melamine. This means that the adhesion of the 2K coating to the substrate steel was
stronger than the adhesion of polyurethane, which in turn was stronger than the adhesion of
melamine, i.e., the coating began to break away from the substrate further along the length of
the scratch for 2K coating than for polyurethane and melamine. It is important to note,
however, that even though the critical load measurement for the melamine coating was
relatively tight in terms of the measurements obtained for each of the five tests (as seen in
Table 2, and supported by the 6.32 percent coefficient of variation), the tests for the critical
load for the other two samples were not very tight, with a percent coefficient of variation of
16.61 percent for the polyurethane coating, and 14.72 percent for the 2K coating, which may
give slight doubt about the measurements, but this actually may be explained simply because
the location at which the critical load is measured is not predetermined as it was for the four
measurements for the light damage portion of the scratch. The other measurement for the
severe damage portion of the scratch is the penetration depth at the critical load, and this
measurement is taken at the same location as the critical load measurement. It can be seen in
Table 3 that as the critical load increases from Sample 3 to Sample 1 to Sample 2, the
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average penetration depth at the critical load increases as well. This is to be expected
because the load applied by the nano-indenter tip is directly related to the location along the
ditch, as the load is increasing linearly from 0 mN to 200 mN along a length of 400 μm.
Therefore the tip may be expected to have penetrated further into the coating as it moves
further along the length of the scratch.
In terms of the topography of the image for the severe damage portion of the scratch,
as seen in Figure 18, there is a possible correlation in the data between the width of the
scratch and the critical load. In the qualitative analysis, the melamine coating was
determined to be narrower on average than the other two coatings, and when looking at the
data in Table 3, melamine also had the lowest critical load. This could potentially make
sense considering that a lower critical load means that the nano-indenter tip will not have
progressed as far down the length of the scratch as it would for a higher critical load,
therefore the scratch should be narrower for a lower critical load. Because the depth of the
scratches could not be qualified from the SPM images in Figure 18, there is no way to
correlate that part of the topography with the critical load measurement.
For the severe damage portion of the scratch, there is a correlation for both
indentation measurements with both of the scratch test measurements: a higher hardness
value and a higher elastic modulus value indicates that there will be a lower average critical
load and a lower average penetration depth at the critical load, which can be seen by
comparing Tables 1 and 3. This would indicate that a harder, stiffer coating will have a
greater adhesion strength to steel (and thus a greater scratch resistance) than a softer, more
flexible coating for larger applied loads.
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There are similar correlations between the measurements taken during scratch testing
and the analysis of the roughness of the samples conducted in Section 4.1. From that
analysis, it was determined that the 2K coating was the roughest of the three samples,
followed by the polyurethane coating, and then the melamine coating, which was the
smoothest. From the data in Tables 2 and 3, it can be seen that the roughest sample (2K
coating) had the highest critical load value, followed by the next roughest sample
(polyurethane) with the next highest critical load value, and then the smoothest sample
(melamine) with the lowest critical load value. This would indicate that the rougher surface
would have a greater adhesion strength to steel (and thus offer the greatest scratch resistance
for larger loads), which is contrary to what was predicted earlier (Section 3), when it was
hypothesized that the rougher surface would have the weakest adhesion strength.
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V. Conclusion
The purpose of this project was to study the micro/nano mechanical and tribological
properties of three different polymeric coatings—polyurethane, 2K, and melamine—
deposited on steel. The mechanical properties to be examined in this experiment were the
hardness and the elastic modulus of the coatings, while the main tribological property to be
examined was the scratch resistance of each coating. The hardness and elastic modulus were
measured with the Nano-Indenter XP, while the scratch resistance in the light damage region
of the scratch was predominantly examined with a Scanning Probe Microscope, and the
scratch resistance in the severe damage region of the scratch was examined by analyzing the
critical force measurement that was taken with the nano-indenter during testing. The
qualitative and quantitative analysis of the scratch tests on the samples of polyurethane, 2K
coating, and melamine conducted in the previous section strongly suggest that the
polyurethane coating has the weakest scratch resistance under small applied loads from the
indenter tip. Images from the SPM taken in the beginning of the scratch prior to reaching the
critical load show that this sample suffered by far the most damage during scratch testing, as
the scratch had the greatest cross-sectional area of the three. Conversely, the results of the
previous section suggest that the melamine coating has the greatest scratch resistance under
small applied loads from the indenter tip. Images of this sample from the SPM taken in the
beginning of the scratch show that it suffered the least damage in this region, as the scratch
was much more shallow than the scratches of the other two samples. These conclusions are
supported by the average residual scratch depth and average scratch width measurements in
Table 3, where polyurethane was shown to have both the deepest and widest scratch at a
length of 50 μm from the beginning of the scratch, at 2246.76 nm and 17.54 μm,
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respectively, and melamine was shown to have the shallowest and second narrowest scratch,
at 1250.77 nm and 16.45 μm, respectively.
In the severe damage portion of the scratch, it can be concluded that the 2K coating
had the greatest scratch resistance, while the melamine coating had the weakest. Images
from the SPM show that melamine suffered by far the most damage during scratch testing, as
that scratch was by far the most jagged, even though there was evidence of delamination for
all three of the samples. This is supported by the measurement of the average critical load in
Table 3, where the mean critical load of 80.30 mN for melamine was lower than the other
two samples, thus suggesting that the adhesion of melamine to the substrate steel failed
sooner, i.e., under a lighter applied load from the indenter tip, than for the other two samples.
The critical load measurements of the other two samples in Table 3 would suggest that the
2K coating has the greatest adhesion strength (and therefore the greatest resistance to
scratching under heavier loads from the indenter tip), with a critical load of 103.67 mN,
while polyurethane has the second greatest adhesion strength, with a critical load of 90.51
mN. This means that it took the greatest applied force from the indenter tip for the adhesion
between the 2K coating and the steel substrate to fail.
It was found in Table 1 that the 2K coating had the lowest measured values for the
hardness and elastic modulus, at 0.104 GPa and 2.721 GPa, respectively, followed by the
polyurethane with the next lowest, at 0.111 GPa and 3.095 GPa, respectively, and the
melamine coating, at 0.164 GPa and 3.367 GPa, respectively. While there is no correlation
to be found between these measurements and the scratch resistance of the three samples for
light loads, the conclusion about the relative scratch resistance among the three samples for
larger applied loads would indicate that the coating with both the lowest average elastic
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modulus, and the lowest average hardness was the most resistant to scratching for heavier
loads. As either of these values decrease, the data at hand indicates that the adhesion strength
would also decrease. The elastic modulus describes the stiffness of the material—a high
modulus value indicates a stiff material—and the hardness measures how resistant the
coating is to a permanent change in shape. Because of the trend just mentioned, it can be
concluded that a hard, stiff coating—such as the melamine coating—has a weaker adhesion
strength for heavier applied loads when adhered to steel than a weak, flexible coating—such
as 2K coating.
The hypothesis presented earlier, that the sample with the rougher surface would have
the weakest adhesion strength, was disproved here, and actually it was the opposite that
seems to have occurred, at least for the severe damage portion of the scratches (no definitive
correlation between roughness/smoothness of the samples and the scratch resistance can be
made for light applied loads). In Section 4.1, it was deemed that the melamine coating had
the smoothest surface, and therefore it was predicted that this would have the greatest
adhesion strength. However, as it turned out, it was the melamine coating that had the
weakest adhesion strength of the three. The sample that was deemed to have the roughest
surface was the 2K coating, and therefore it was predicted that this would have the weakest
adhesion strength, yet it in fact turned out to have the greatest. It can be concluded from this
that when samples suffer more severe damage, a rougher sample would have a greater
adhesion strength when adhered to steel than a smoother sample.
The recommendation for which of the three coatings in this experiment should be
used when adhered to the substrate steel depends on the intended applications of the coating.
Because the intended applications of the coatings for this project have not been defined, it is
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not possible to definitively say which coating is the best overall choice to use on the substrate
steel. However, it can be said that if the coating were only going to encounter light damage
in real applications, then melamine would provide the greatest scratch resistance of the three,
as described above. If, however, the coating is more likely to encounter severe damage in
real applications, then in that case, 2K coating would provide the greatest adhesion strength.
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VI. Appendix A—Indentation Test Flow
The following was the test flow used when running indentation tests on the Nano-Indenter XP
in the present experiment, created by Rene Crombez and saved in the Testworks program.
To reach this test flow, one must first open Testworks 4 (either from the Start Menu or on the
Desktop) and log in. To find the correct method, one would click on the Method tab at the
top of the window, and click Open Method. The file is saved on the C: drive (click on
Program Files, then MTS Systems, then TestWorks, then Methods, then Rene’s Methods, then
Texter, and then the file name, which is “XP CSM Standard Hardness, Modulus, and Tip Cal
(nanofluid 12-23-08) Harm Surf Find”). Once the method is open, one would see the test
flow by clicking on the Define tab, and then clicking on the Test Flow tab.
*The most important note to keep in mind when operating the Nano-Indenter XP is that when
the tip needs to be removed from the indenter column, the indenter head must be parked, and
two pins must be inserted into the column BEFORE removing the tip. This will prevent
damage to the system.
-Idle
>Idle
-Pre-sample
>Review Sample Names
>Review First Location
>Display Before Running Batch
>Formulas
-Pre-Test
>Formulas
-Test
>Tare Time
>XY Goto
>CSM Control_HarmonicFrequency 45.000 Hz
>CSM Control_Zero Phase
>CSM Control_HarmonicDisplacement 7.000 nm
>XY Goto
>Hold Raw Displacement (-300.000 μm)
>CSM Control_HarmonicDisplacement 7.000 nm
>Hold Raw Load (Current)
>GoTo-Raw Load, Loading, FastSurfaceApproachLoadingRate
>GoTo-Raw Load, Loading, FastSurfaceApproachLoadingRate
>One-Time Formula-Set Surface Displacement
>One-Time Formula-Approach Distance for Second Surface Find
>GoTo-Raw Displacement, Unloading, 10.000 μm/s
>XY Goto
>Hold Raw Displacement ()
>CSM Control_Harmonic Displacement 7.000 nm
>Hold Raw Load (Current)
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>GoTo-Raw Displacement, Loading, 0.100 μm/s
>GoTo-Raw Displacement, Loading, 0.100 μm/s
>One-Time Formula-Set Surface Displacement
>One-Time Formula-Approach Distance for Surface Approach
>Nano Configuration Test Segment
>Nano Configuration Test Segment
>GoTo-Raw Displacement, Unloading, 0.100 μm/s
>XY Goto
>Tare Time
>One-Time Formula-Date and Time at Start of Approach
>SegmentTypeTestSegment
>Hold Raw Displacement ()
>CSM Control_Harmonic Displacement 7.000 nm
>Hold Raw Load (Current)
>One-Time Formula-Start Approach Marker
>GoTo-Raw Displacement, Loading, 20.000 nm/s
>GoTo-Raw Displacement, Loading, 20.000 nm/s
>One-Time Formula-Surface Marker
>One-Time Formula-Set Surface Displacement
>GoTo-Raw Load, Loading, LoadingRateForStrain
>One-Time Formula-End of Loading Marker
>SegmentTypeTestSegment
>Hold Raw Load (Current)
>CSM Control Send Command
>CSM Control Send Command
>One-Time Formula-Unload Rate
>One-Time Formula-Unload Limit
>SegmentTypeTestSegment
>One-Time Formula-Unloading Stiffness Marker
>GoTo-Raw Load, Unloading, UnloadRate
>SegmentTypeTestSegment
>One-Time Formula-Start Hold Marker
>Hold Raw Load (Current)
>One-Time Formula-Start Drift Marker
>Hold Raw Load (Current)
>One-Time Formula-End Drift Marker
>GoTo-Raw Load, UnLoading, UnloadRate
-Post-Test
>Recalculate Test
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VII. Appendix B—Scratch Test Flow
The following was the test flow used when running scratch tests on the Nano-Indenter XP in
the present experiment, created by Rene Crombez and saved in the Testworks program. To
reach this test flow, one must first open Testworks 4 (either from the Start Menu or on the
Desktop) and log in. To find the correct method, one would click on the Method tab at the
top of the window, and click Open Method. The file is saved on the C: drive (click on
Program Files, then MTS Systems, then TestWorks, then Methods, then Rene’s Methods, then
Texter, and then the file name, which is “Standard Scratch with Cross Profile load input and
Lateral Force”). Once the method is open, one would see the test flow by clicking on the
Define tab, and then clicking on the Test Flow tab.
*The most important note to keep in mind when operating the Nano-Indenter XP is that when
the tip needs to be removed from the indenter column, the indenter head must be parked, and
two pins must be inserted into the column BEFORE removing the tip. This will prevent
damage to the system.

-Idle
>Idle
-Pre-Sample
>Review Sample Names
>Review First Location
>Delay Before Running Batch
-Pre-Test
>Formulas
-Test
>Tare Time
>XY Goto
>IF_SurfaceDisplacement >=2.0
> SurfaceFindTestSegment
>EndIF
>SegmentTypeTestSegment
>Approach Surface 50.000 nm/s
>SegmentTypeTestSegment
>Hold Raw Load ()
>SegmentTypeTestSegment
>One-Time Formula-Start First Profile Marker
>Hold Raw Load ()
>One-Time Formula-End First Profile Marker
>Hold Raw Load ()
>Hold Raw Load ()
>SegmentTypeTestSegment
>One-Time Formula-Start Pre Profile Marker
>Hold Raw Load ()
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>SegmentTypeTestSegment
>One-Time Formula-Start Scratch Loading Rate
>GoTo-Raw Load, Loading, StartScratchLoadingRate
>Hold Raw Load ()
>One-Time Formula-Start Scratch Marker
>GoTo-Raw Load, Loading LoadingRateDuringScratch
>One-Time Formula-End Scratch Marker
>One-Time Formula-Unloading Rate After Scratching
>GoTo-Raw Load, UnLoading, UnloadingRateAfterScratching
>GoTo-Raw Load, Loading, UnloadingRateAfterScratching
>Hold Raw Load ()
>SegmentTypeTestSegment
>Hold Raw Load ()
>One-Time Formula-End Post Profile Marker
>SegmentTypeTestSegment
>Hold Raw Load ()
>SegmentTypeTestSegment
>Hold Raw Load ()
>SegmentTypeTestSegment
>One-Time Formula-Start Final Profile Marker
>Hold Raw Load ()
>One-Time Formula-End Final Profile Marker
>IF PerformCrossProfile >0
> One-Time Formula-Position for Cross Profile
> SegmentTypeTestSegment
> Hold Raw Load ()
> Hold Raw Load ()
> Hold Raw Load ()
> Hold Raw Load ()
> SegmentTypeTestSegment
> One-Time Formula-Start Cross Profile Marker
> Hold Raw Load ()
> One-Time Formula-End Cross Profile Marker
>EndIF
-Post-Test
>Recalculate Test
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